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Abstract

M-estimators are ubiquitous in machine learn-
ing and statistical learning theory. They are
used both for defining prediction strategies
and for evaluating their precision. In this
paper, we propose the first non-asymptotic
“any-time” deviation bounds for general M-
estimators, where “any-time” means that the
bound holds with a prescribed probability for
every sample size. These bounds are non-
asymptotic versions of the law of iterated log-
arithm. They are established under general
assumptions such as Lipschitz continuity of
the loss function and (local) curvature of the
population risk. These conditions are satisfied
for most examples used in machine learning,
including those ensuring robustness to out-
liers and to heavy-tailed distributions. As an
example of application, we consider the prob-
lem of best arm identification in a stochastic
multi-armed bandit setting. We show that
the established bound can be converted into
a new algorithm, with provably optimal the-
oretical guarantees. Numerical experiments
illustrating the validity of the algorithm are
reported.

1 Introduction

Perhaps the most fundamental theorems in statistics
are the law of large numbers (LLN) and the central
limit theorem (CLT). Morally, they state that a sample
average converges almost surely or in probability to
the population average, and if one zooms in by multi-
plying by a square root factor, a much weaker form of
stochastic convergence still holds, namely, convergence
in distribution towards a Gaussian law. A fine interme-
diate result shows what happens in between the two
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scales: the law of iterated logarithm (LIL). By zooming
in slightly less than in the CLT, i.e., by rescaling the
sample average with a slightly smaller factor than in
the CLT, it is possible to gain a guarantee for infinitely
many sample sizes, almost surely. In practice, however,
the LIL has limited applicability, since it does not spec-
ify for which sample sizes the guarantee holds. The
goals of the present work are to lift this limitation, by
proving a LIL valid for every sample size, and holding
for general M-estimators, rather than for the sample
mean only.

The precise statement of the LIL, discovered by Khint-
chine (1924); Kolmogoroff (1929) almost a century ago,
is as follows: for a sequence of i.i.d. random variables
{Y:}ien with mean 6 and variance 02 < oo, the sample
averages Y, = (Y1 + ...+ Y,)/n satisfy the relations

lim inf M =1,

n—=oo  gy/2Inlnn
Vi (Y, —0)

limsup ———= =1,

n—oo oV2Inlnn

almost surely. This provides a guarantee on the de-
viations of the sample average as an estimator of the
mean 6 since it yields that, with probability one, for
any constant ¢ > 1, there exists an integer ng € N such
that |Y,, — 0| < co(2inlnn/y)V/2 for every n > ng. As
compared to the deviation guarantees provided by the
central limit theorem, the one of the last sentence has
the advantage of being valid for any sample size large
enough. This advantage is gained at the expense of a
factor (Inlnn)'/2. Akin for the classic version of the
CLT, the applicability of the LIL is limited by the fact
that it is hard to get any workable expression of ng.

In the case of the CLT and its use in statistical learn-
ing, the drawback related to ng was lifted by exploiting
concentration inequalities, such as the Hoeffding or
the Bernstein inequalities, that can be seen as non-
asymptotic versions of the CLT. For bounded ran-
dom variables, the aforementioned concentration in-
equalities imply that for a prescribed tolerance level
5 € (0,1), for every n € N, the event! A,, = {|Y,, —0| <

'Here C is a universal constant.
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C(n(1/6)/)/2} holds with probability at least 1 — 4.
Such a deviation bound is satisfactory in a batch set-
ting, when all the data are available in advance. In
contrast, when data points are observed sequentially,
as in online learning, or when the number of acquired
data points depends on the actual values of the data
points, the event of interest is Ay = A3 N...N Ay or
even a version of it in which N can be replaced by oo.
One can use the union bound to ensure that Ay has a
probability at least 1 — N§ but this is too crude. Fur-
thermore, replacing in A,, the confidence § by §/n?, we
get coverage 1—7°9/6, valid for any sample size n, for an
interval of length O((nn/5)/2). This result, obtained
by a straightforward application of the union bound,
is sub-optimal. A remedy to such a sub-optimality—in
the form of a nonasymptotic version of the LIL—was
proposed by Jamieson et al. (2014) and further used
by Howard et al. (2018); Kaufmann and Koolen (2018);
Kaufmann et al. (2016). In addition, its relevance for
online learning was demonstrated by deriving guar-
antees for the best arm selection in a multi-armed
bandit setting. Note that these recent results apply
exclusively to the sample mean in the one-dimensional
setting; there is no equivalent of these bounds for other
types of (possibly multivariate) estimators.

In this work, we establish a non-asymptotic LIL in
a general setting encompassing many estimators, far
beyond the sample mean. More precisely, we focus on
the class of (penalized) M-estimators comprising the
sample mean but also the sample median, the quan-
tiles, the least-squares estimator, etc. Of particular
interest to us are estimators that are robust to outliers
and/or to heavy-tailed distributions. This is the case
of the median, the quantiles, the Huber estimator, etc.
(Huber, 1964; Huber and Ronchetti, 2009). It is well
known that under mild assumptions, M-estimators are
both consistent and asymptotically normal, i.e., suit-
ably adapted versions of the LLN and the CLT apply
to them (Collins, 1977; Portnoy, 1984; van der Vaart,
1998). Moreover, some versions of the LIL were also
shown for M-estimators (Arcones, 1994; He and Wang,
1995). They suffer, however, from the same limitations
as those explained above for the standard LIL. Our con-
tributions allow to circumvent these limitations by pro-
viding a general non-asymptotic LIL for M-estimators
both in one dimensional and in multivariate cases.

We apply the developed methodology to the problem
of multi-armed bandits when the rewards are heavy-
tailed or contaminated by outliers. In such a context,
Altschuler et al. (2018) tackled the problem of best
median arm identification; this corresponds to replacing
the average regret by the median regret. The relevance
of this approach relies on the fact that even a small
number of contaminated samples obtained from each

arm may make the corresponding means arbitrarily
large. In that setup, would it be possible to improve
the upper bounds on the sample complexity of their
algorithm—similarly to Jamieson et al. (2014)—by
using some finite-sample any-time version of the LIL
for empirical medians or, more generally, for robust
estimators? Our main results yield a positive answer
to this question and establish rate-optimality of the
proposed algorithm.

The rest of the paper is organized as follows. The
next section contains the statement of the LIL in a
univariate setting and provides some examples satis-
fying the required conditions. A multivariate version
of the LIL for penalized M-estimators is presented in
Section 3.3. An application to online learning is car-
ried out in Section 4.2, while a summary of the main
contributions and some future directions of research
are outlined in Section 6. Detailed proofs are deferred
to the supplementary material.

2 Uniform law of iterated logarithm
for univariate M-estimators

In this section, we focus on the case of univariate M-
estimators. This is a vast family that contains the
sample mean, the sample median and many other es-
timators. The relevance of M-estimators in contami-
nated models has been highlighted by several studies
(see Huber (1964); Maronna (1976) as well as the recent
work Loh (2017) and references therein).

2.1 Assumptions and main result

The precise setting considered in this section is the
following. Random variables Y, Y7,Y5,Ys, ... are inde-
pendently drawn from a probability distribution Py
on some space V. Let ¢ : Y x © — R be a given loss
function, where © is an open interval in R. Through-
out this work, we make the tacit assumption that the
random variable ¢(Y, ) has a finite expectation for all
# € ©. The population and the empirical risks are then
defined, respectively, by the formulas

n

Bu(0) = = 3" 6(%,0)
i=1

(0) =E[o(Y,0)],

where n > 11is an integer. We denote b}y 0* a minimizer
of ® on O, and by 6,, a minimizer of ¢, on ©.

Assumption 2.1. The function ¢(Y,-) is convex Py -
almost surely and ¢(Y,0) — oo as 0 approaches the
boundary of ©, Py -almost surely (we say that the func-
tion ¢(Y, ) is convexr and coercive).

Assumption 2.1 requires from the loss ¢ to be approx-
imately U-shaped and guarantees that 6* and 6,, are
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well defined. To show that gn converges fast enough
(with high probability) to 6*, we will impose a local
positive-curvature assumption on the population risk.

Assumption 2.2. There exist two positive constants
r and o such that for all 6 € © with |0 — 6% < r,
B(0) > (6% + (¢/2)(0 — 6%)%.

It is worth emphasizing here that this “local positive-
curvature” assumption needs to hold for the popula-
tion risk only. Clearly, a sufficient condition for As-
sumption 2.2 to hold is that ® is strongly convex in a
neighborhood of 6*. Finally, to be able to obtain non-
asymptotic guarantees that take the form of anytime
Gaussian concentration, we require from the process
0 — ¢(Y — ) to be smooth and to have sub-Gaussian
tails.

Assumption 2.3. There exists a positive constant o
such that the random variables ¢(Y,0) — ¢(Y,0%) are
02(0 — 0%)?-sub-Gaussian® for all 6 € ©.

One checks that Assumption 2.3 is fulfilled if ¢(Y,-)
is n-Lipschitz with a sub-Gaussian variable n. We
stress that the function ¢ is not assumed differentiable
and, more importantly, that Y is not necessarily sub-
Gaussian. We are now ready to state our first theorem
on the uniform concentration of M-estimators.

Theorem 1. Let Assumptions 2.1 to 2.3 hold. For
any 6 € (0,1), set

L 330 \/1.1 Inlnn + In(15/5) + 2.6

tn,& T

« n

Let ng = no(a,r, ) be the smallest integer n > 12 for
which tﬁ% <r. Then,

P (vn >ng, |6, — 0% < tﬁ%) >1-6. (1)

While the complete proof of Theorem 1 is postponed
to the supplementary material, let us make a quick
comment. In our proof, we show that it is enough to
establish any-time concentration inequalities for sums
of sub-Gaussian random variables. For partial sums of a
sequence of sub-Gaussian random variables, sharp any-
time concentration inequalities were recently proved in
Howard et al. (2018); Jamieson et al. (2014); Maillard
(2019). However, these bounds do not apply in our case,
since the terms in the sums arising in our proof change
with the size of the sum. In other words, our sums are
not partial sums of a given sequence of sub-Gaussian
random variables.

2See, e.g., Koltchinskii (2011, Section 3.1) for a definition
of centered sub-Gaussian random variables and their prop-
erties. We recall that a random variable is sub-Gaussian if
its centered version is sub-Gaussian.

The setting described in the beginning of this section
might seem disconnected from any application, since
it builds on an infinite set of independent random
variables. However, the validity of the bound for an
infinity of values of the sample size n makes it suitable
for using in situations where the sample size is random
and data-dependent. More precisely, the last theorem
implies that for any ¢ € (0,1) and for any random
variable N taking values in the set of natural numbers
N, we have, with probability larger than 1 — §,

n 15
|9N_0*|<3.30\/1.11n1nN—|—1n( /5) + 2.6
a N

For instance, if we assume that the acquisition of each
data point y has a cost ¥(y), the number N might
be given by N = max{n : (Y1) + ... + &(Y,) < B},
where B is a given available budget.

2.2 Examples

We now present three common examples for which all
the assumptions presented above are satisfied. In all
these examples, Y = © = R.

Mean estimation Let ¢(z,0) = (x — 0)%. Assume
that Y is s?-sub-Gaussian. Then, one can check that
Assumptions 2.1 to 2.3 are all satisfied with r = 400,
a = 2 and 0 = 2s. For an in-depth analysis of this
particular case we refer to (Howard et al., 2018).

Median and quantile estimation Let ¢(z,0) =
|z — 0] — |z|. Assume that Y has a unique median 6*
and that its cumulative distribution function F' satisfies
|F(0) — /2| > (¢/2)|0 — 0*|, for all € [6* —r,0* + 1],
where a,r > 0 are fixed numbers. Then, 6* is the
unique minimizer of ® and for all 6 € [0* — r, 0" + 7],
the increment ®(0) — ®(0*) is equal to

6
2/ zdF(z) — (60— 6°) +2(0F(0) — 0°F(6"))

@, [°
@ 2/ Flz)dz — (6 0°),

where (a) is obtained by integration by parts. Hence,
B(0) — (0%) = [y (2F (z) — 1) da > /2(6 — 6%)2, yield-
ing Assumption 2.2. Moreover, since ¢(Y, 8) is bounded
almost surely and 1-Lipschitz, for all # € R, Assump-
tion 2.3 is automatically true (with o = 1).

The same arguments hold true if ¢(x,0) = 75(z — 0) —
Tg(x), where 73(z) = B —x_ with z_ = min(z, 0) the
negative part. For this function ¢, 8* is the S-quantile
of Py, for 8 € (0,1).

Huber’s M-estimators For ¢ > 0, we define by
ge(z) = 22 if |z| < c and g.(z) = ¢(2|z| — ¢) if 2| > c.



A nonasymptotic law of iterated logarithm for general M-estimators

0 05 1 15 2
sample size, n x10°

Figure 1: Ratio t}fg’, / tﬁ% for different sample sizes n
and confidence levels v.

Let ¢(x,0) = ge(x — 0) — gc(x). This function g. being

2¢-Lipschitz, Assumption 2.3 is satisfied with o = 2¢.

Assume that Y has a positive density f on R. Then,
it is easy to check that ® is twice differentiable, with
"(0) =2(F@+c)—F@—c)) >0, for all § € R,

where F' is the cumulative distribution function of Y.

Hence, 0* is well-defined and unique, and if there exists
m > 0 such that f(z) > m for z € [0*—2c¢, 0*+2¢], then
Assumption 2.2 is satisfied with r = 2¢ and o = 4cm.

2.3 Comparison with union bound

Let Yi,...,Y, be ii.d. random variables and let ¢ :
RxR — R be aloss such that assumptions of Theorem 1
are satisfied. Let 6,, be the M-estimator associated
with the samples Y7,...,Y, and the loss ¢. Using the
same trick we developed for the proof of Theorem 1
(see supplementary material) we obtain the following

tail bound : ¥ > 1, P([8, — 6% > 22,/22/3)/,) < 4.

Setting

JUB 20 [21n(2nt+e/0)
no Ty n ’

the union bound leads to

~ ) Y
P(Vnzm 0, — 0 |gt5}§> >1- ) — @

n=12

Figure 1 shows the ratio of the sub-Gaussian upper

bound tg%, over the LIL upper bound t{;%‘ provided

by Theorem 1 for different levels of globaf confidence.

The parameters § and ¢’ are chosen to guarantee that
the right hand sides in both (1) and (2) are equal to
the prescribed confidence level 1 — v. For tg%,, we
chose ¢ = 0.1, the results for other values of € being
very similar. We observe that for most sample sizes n,
the LIL bound is tighter than the one obtained by the
union bound. In addition, the gap between the bounds
widens as the sample size grows.

3 Uniform LIL for M-estimators of a
multivariate parameter

We consider here the multivariate analog of the previous
problem. The goal is to predict a real-valued label using
a d-dimensional feature.

3.1 Assumptions and main result

We are given n independent label-feature pairs
(X1,Y1),...,(X,,Y,), with labels Y; € R and features
X; € R?, drawn from a common probability distribu-
tion P. Let ¢, : RxR — R be a given loss function and
pn : R? = R be a given penalty. We assume through-
out that the random variable ¢,, (Y1, 0" X1 ) has a finite
expectation, for every 6, with respect to the probability
distribution P.

For a sample (X1,Y7),...,(Xn, Ys), we define the pe-
nalized empirical and population risks

Bu(6) = -3 60(71,07 X0) + pa(6)
=1

2,(0) =E[¢n(Y1,0" X1)] + pn(0).

Note that both the loss function ¢,, and the penalty
pn are allowed to depend on the sample size n. Since
our results are non-asymptotic, this dependence will
be reflected in the constants appearing in the law of
iterated logarithm stated below. We also define the pe-
nalized M-estimator 8,, and its population counterpart
6> by

0, c arg énh}; ,,(0)

d 6 ¢ in ®,(0). (3
nir and 6, € arg min ©,(6). (3)

€R

Typical examples where such a formalism is applicable
are the maximum a posteriori approach and penalized
empirical risk minimization. Our goal is to establish a
tight non-asymptotic bound on the error of 6,,, that is,
with high probability, valid for every n € N.

The main result of this section is valid under the as-
sumptions listed below. We will present later on some
common examples in which all these assumptions are
satisfied.

Assumption 3.1. (Lipschitz loss) The function 6 —
&dn(y,0) is L,-Lipschitz, for every fized y € R.

Assumption 3.2. (Convex penalty) The function 6 —
®,,(0) is convex almost surely.

Assumption 3.3. (Curvature of the population risk)
There exists a positive non-increasing sequence (o)
such that, for any n € N*, for any w € R¢, ®,,(0 +
w) — 0, (0;) > (on/2)||wlf3.

Assumption 3.4. (Boundedness of features) There
exists a positive constant B such that || X1]2 < B
almost surely.
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We will use the notation k,, = L, /a, and refer to this
quantity as the condition number. Note that all the
foregoing assumptions are common in statistical learn-
ing, see for instance Rakhlin et al. (2012); Sridharan
et al. (2009). They are helpful not only for proving
statistical guarantees but also for designing efficient
computational methods for approximating 6,,.

Theorem 2. Let Assumptions 3.1 to 3.4 be satisfied
for every n € N. Assume, in addition, that starting
from some integer ng > 6, the sequence s»nlnn/y js
decreasing. Define for any § € (0,1), n > nyg,

VInlnn +1n(50/6) + 1
vn '
Then, for any ¢ > 2 and § € (0,1), it holds that

thy MY = 3,61, B

i (Vn >ng, |0, — 0|, < t%}m) >1-4.

3.2 Discussion

As an immediate consequence of Theorem 2 we get the
following result. Let N be a randomly chosen integer
that can depend on the infinite sequence {(X;,Y;),i €
N*} of random feature-label pairs drawn from P. We
observe only the first NV elements of this sequence and
wish to make a prediction of the label Y at a point
x € R Assume that the best linear prediction is
of the form g(x'6*), where 6* is the minimizer of
the expected loss and g is a known, L-Lipschitz, link
function. Then, we can predict the label at x by
g(£T0y), where Oy is the empirical risk minimizer.
According to the last theorem, this predicted value
satisfies

l9(2"8y) — g(@"0)] < Ll tX35"",
with probability at least 1 — §.

A bound for the case ¢ € [1,2) can be obtained by
using the fact that the ¢, norm is upper bounded by
d?=9)/(29) times the £, norm (Holder’s inequality). The
resulting bound corresponds to the £5 bound multiplied
by this factor. Note this dependence on d is optimal,
even in batch setting.

As noted above, all the foregoing assumptions are com-
mon in statistical learning. For instance, if p,(6) =
A |03 is the ridge penalty (Hoerl and Kennard, 2000)
and ¢,, is either the absolute deviation (daps(y,y’) =
ly — 3|, see for instance Wang et al. (2014)), the hinge
(Pabs(y,y") = (1 —yy') 4+ with y € [-1,1]) or the logistic
(P1og(y,y") = In(1 4 e~¥¥') with y € [~1,1]) loss, the
aforementioned assumptions are satisfied with L, =1
and «,, = \,,. One can also consider the usual squared
loss ¢(y,y') = (y — ¥')? under the additional assump-
tion that Y is bounded by a known constant B,,. Under

this condition, if the minimization problems in (3) are
constrained to the ball of radius R, Assumptions 3.1
and 3.3 are satisfied with oo, =1 and L,, = 2B, + BR.
It should be noted that Assumption 3.3 is satisfied, for
instance, when ®,, is strongly convex. Remarkably, as
opposed to some other papers (Hsu and Sabato, 2016;
Shalev-Shwartz et al., 2010), Theorem 2 requires this
assumption for the population risk only.

Assumption 3.4 can be replaced, with some extra work,
by sub-Gaussianity of || X||2. The statement of this
extension and its proof can be found in Section 7.3.1.

3.3 Possible extensions

The conditions under which Theorem 2 holds can be
further relaxed. We have in mind the following two
extensions. First, the curvature condition can be re-
stricted to a neighborhood of 6} only, by letting @,
grow linearly outside the neighborhood. Second, the
Lipschitz assumption on ¢, can be replaced by the
following one: for a constant § and a sub-Gaussian
random variable 7, the function u + ¢, (Y, u) — Bu?
is m-Lipschitz. This last extension will allow us to
cover the case of squared loss without restriction to a
bounded domain. All these extensions are fairly easy
to implement, but they significantly increase the com-
plexity of the statement of the theorem. In this work,
we opted for sacrificing generality in order to get better
readability of the result.

Another interesting avenue for future research is the ex-
tension of the presented results to the high-dimensional
online setting, i.e., when the dimension might be larger
than the sample size. In the batch setting, an in-
depth analysis of M-estimators can be found in Ne-
gahban et al. (2012). It is also important in such a
high-dimensional setting to avoid the factor B in the
expression of t%};’LIL, since it might scale as v/d.

Finally, we can consider a more general setting in which
the terms ¢(Y;, 07 X;) are replaced by 1(Z;,6), where
Z; are ii.d. random variables. The only change to
be made is in replacing Assumptions 3.1 and 3.4 by a
new assumption, that requires the function [)(Z;,0) —
¥(Z;,0")] to be bounded by |V,T (0 — 6")|, for all 0,
0’, with a random vector V; which has a bounded (or
sub-Gaussian) norm. This setting has the advantage
of being more general than the one adopted in Section
3. However, the relevant examples we have in mind at
correspond all to partial linear models.

4 Application to Bandits

In this section, we apply the univariate uniform law
of iterated logarithm established in Section 2 to the
multi-armed bandit problem. More precisely, we study
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the Best Arm Identification (BAI) problem in the fixed
confidence setting. It consists in identifying, for a given
confidence level and as fast as possible, which arm pro-
duces the highest expected outcome, (see Audibert
et al. (2010); Gabillon et al. (2012); Kaufmann et al.
(2016)). This means that we are able to collect data
by sampling from K unknown distributions Py, ..., Px
and our goal is to identify the distribution having the
largest expectation. Naturally, the same problem can
be formulated for finding the distribution with the
largest median, or the largest quantile of a given order.
In particular, such a formulation of the problem might
be of interest in cases where the expectations of the
outcomes of each arm may not be defined (rewards are
heavy-tailed) or are not meaningful (rewards are sub-
ject to some arbitrary contamination), see Altschuler
et al. (2018). We show in this section that theoretical
results of previous sections provide an extension of the
li'UCB algorithm of Jamieson et al. (2014) to this
framework.

4.1 Robust Best Arm Identification (RBAI)

We consider a robust version of BAI, which we call
Robust BAT (RBAI). Suppose there are K arms, each
arm k € [K|] producing i.i.d. rewards

iid

Yip, Yo, Y3, ... ~ Pp.

At each round n = 1,2,..., the player chooses an
arm I, € [K] and receives the corresponding reward
Y1, (n-1),1,, Where Ty(n — 1) = 1([y = k) + ... +
1(1,—1 = k) is the number of times the arm k was
pulled during the rounds 1,...,n — 1.

For a given loss function ¢ : R x R — R, convex with
respect to its second argument, we define

O € argminEp, [o(Y,0)].

From a statistical perspective, the problem under con-
sideration encompasses that of finding the maximum
point (by active learning) in a quantile regression prob-
lem (Chernozhukov, 2005). For instance, consider
the case of median regression. The aim is to maxi-
mize a function f : [0,1] — R over a grid of points
Z1,...,xx € [0,1], using noisy evaluations of f. At
each round n, we can choose one z; and observe the
value

where {&,} is a sequence of i.i.d. random variables
with median equal to zero. Clearly, this enters into the
framework described in the previous paragraph with
0r = f(xx) and each Py is just a shifted-by-0; version
of the distribution of &,.

We use the rewards of the k-th arm for estimating 6y
by empirical risk minimisation: for every arm k € [K]
and every sample size n > 1, we let

. 1 n
Ok in — Y r,0).
k,n € arg min ;¢( )

With this notation, after n rounds, we are able to
compute the quantities 0y 1, () for k& € [K]. These
quantities, combined with the confidence bounds fur-
nished by the LIL of Theorem 1, lead to M-estimator
li'UCB algorithm described in Algorithm 13.

Algorithm 1 M-estimator 1il'UCB.
Input v, A\, v >0 and ng € N
1: Sample each arm ng times
2: Set 6 = ((v/16v + 9 — 3)/16)?
for kin1: K do
Ty < ng
Sample kth arm ng times
Compute 6y, 7,

Set s(k) + Oz, + 7/ R TedinC/o)

end for

n < Kny

10: while (14 ) maxye(x) Tk < 1+ An do
11: I < argmaxyc(x) 5(k)

12: Sample arm [

13: Update Ty <~ Tr + 1, n<n+1

14: Compute 07 7,

15: Set s(I) + §I,T, +7\/@

16: end while
Output argmaxyc(x) Tk

4.2 Main results

To state the theoretical results, let k* =
argmaxycg) 0x be the subscript corresponding to the
best arm. We assume k* to be unique, and we define,
for k # k*, the sub-optimality gaps Ay = O« — 0. We
introduce the quantities

ooy 57 H- Y In (2 + In. (1/A3))

A2
k#k* K k#k* k

Those quantities play a key role in characterizing the
complexity of the BAI problem.

Theorem 3. Let 0 — ¢(y,0) be a convexr function
for every y € R and let the distributions Py, satisfy
Assumptions 2.2 and 2.3 with parameters o, > 0. For
any v € (0,0.2) and B € (0,4.8), there exist positive
constants* X and C such that with probability at least

3X, v and no should be seen as tuning parameters for

which our theoretical results give some guidance.
4) and C depend only on 8 and o/a.
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1 — v, Algorithm 1, used with parameters v, A, v =
4.4(1+4 B)o/a and ng > 12, stops after at most

Kno+ C(HyIn(1/v) + Hy)
steps and returns the best arm.

Note that (In2)H; < Hs,. Therefore, for a fixed confi-
dence level v, the number of pulls provided by Theo-
rem 3 is O(Hs). The next result shows that this order
of magnitude is optimal.

Theorem 4. Consider the RBAI framework with fized
confidence 6 € (0,1/2) described above and assume
K =2. Let 01,05 € R be such that A = |6 — 65| > 0.
Let ¢(y,0) = do(ly — 0|) for some function ¢ and the
arm distributions be N'(61,1) and N(02,1). Then, any
algorithm that finds after T' rounds the best arm with
probability at least 1 — 6, for all values of A >0, must
satisfy

E[T]

—_— > 2 —44.
A=2lnln(A-2) — o

lim sup
A—0

Proofs of these two theorems are provided in the sup-
plementary material.

5 Numerical experiments

To illustrate the results of the previous section, we con-
ducted the following experiment. We chose the values
of 8;’s according to the “a-model” from Jamieson et al.
(2014) with o = 0.3. It imposes an exponential decay
on the parameters, that is 0, = 1—(k/K)“. Along with
these parameters, we consider three reward generating
processes: )
o Gaussian rewards, where Y; j, w N (0, 0?),
o Gaussian rewards subject to Cauchy contamina-
tion, where Y; i, " (1—¢e)N (0, 0%) + & Cauchy ()
for e = 5%,

o Student rewards, where Y; j, id ta(0k) (i-e., Student
distribution with 2 degrees of freedom).

Note that all these processes are median centered at
0i’s. In the case of Gaussian and Student rewards,
they are also mean-centered at 0, while in the case of
contaminated Gaussian rewards the mean is not defined.
To test the robustness of the compared algorithms,
we tuned their parameters to fit the Gaussian reward
scenario.

In this set-up, we compared the original li'UCB algo-
rithm from Jamieson et al. (2014)—see also Jamieson
and Nowak (2014) for a more comprehensive experimen-
tal evaluation—and the M-estimator lil'UCB described
in Algorithm 1, where 6y, ,, is the empirical median of
rewards from arm k up to time n. This corresponds

to the M-estimator associated with the absolute devia-
tion loss. This version of the M-estimator lil'UCB is
hereafter referred to as median lil’'UCB or med-lil'UCB.

In order to conduct a fair comparison, we assigned the
same values to parameters shared by both procedures
and set the values as in Jamieson et al. (2014): g =1,
A= (1+2/8)% 0 =0.5¢=0.01and v = 0.1. Note
that, as underlined in Jamieson et al. (2014), the choice
of A does not fit their theoretical result. This choice
is justified by the fact that A\ should theoretically be
proportional to (1+42/8)? with a constant converging to
1 when the confidence approaches 0. For our algorithm
we chose v = 2 and ng = 20.

The results, for several values of K (the total number
of arms), obtained by 200 independent runs of each
algorithm in all the three settings, are summarized
in Figure 2 and in Table 1. Numbers reported in Ta-
ble 1 represent the proportion of times each algorithm
succeeded to find the best arm, while Figure 2 displays
the number of pulls for each algorithm. Table 1 shows
that liI'UCB performed poorly on the non-Gaussian
models. For contaminated Gaussian rewards, the per-
formance of lil'UCB deteriorates as the number of arms
grows, while it does not seem to be affected by the
number of arms in the case of Student rewards : it
identifies correctly the best arm for only around 60% of
the runs in this last case. In contrast, median lil'UCB
performs well in all the three scenarios, giving perfect
identification over all runs.

Table 1: Proportion of correct best arm identification
(over 200 runs per scenario/algorithm).

K Algorithm Gauss Contam. Student
9 li'UCB 1.00 0.81 0.61
med-liI"'UCB 1.00 1.00 1.00
4 li'UCB 1.00 0.75 0.61
med-1iI'UCB 1.00 1.00 1.00
8 li'UCB 1.00 0.69 0.63
med-liI"'UCB 1.00 1.00 1.00
16 li'UCB 1.00 0.66 0.60
med-1iI'UCB 1.00 1.00 1.00
39 li'UCB 1.00 0.57 0.61
med-liI"'UCB 1.00 1.00 1.00
64 li'UCB 1.00 0.54 0.62
med-liI"'UCB 1.00 1.00 1.00
128 li'UCB 1.00 0.44 0.60
med-liI"'UCB 1.00 1.00 1.00

The curves in Figure 2 represent the median number of
pulls over the 200 runs while the colored areas around
the curves are delimited by the 10% and 90% quantiles
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Figure 2: Total number of pulls done by the median liI'UCB and the liI'UCB algorithms for K €

{2,4,8,16,32, 64, 128}.
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Figure 3: Total number of pulls done by the median li'UCB and the median UCB based on the union bound.

of the number of pulls over these 200 runs. We observe
that the spread of the number of pulls of li'UCB is
large for non-Gaussian models, while the curves for me-
dian 1i’'UCB are almost identical in the three models
of rewards. The number of pulls for median li'UCB
is higher than the number of pulls for lil'UCB in the
Gaussian and Student models. However, in the contam-
inated Gaussian model, 1il’'UCB might require more
pulls when the number of arms is large.

Moreover, we noticed that the performance of our
procedure is not sensitive to the level of contami-
nation : we conducted the same experiment with
e € {5,10,20,40,60} and in all cases our procedure is
100% successful in finding the best arm. Furthermore,
the number of pulls does not increase when ¢ increases.
In contrast, the performance of the original 1il'UCB
procedure drops down to 35% of correct identification
when € = 60% and there are 4 arms. Finally, we ob-
served that if we replace the LIL by the naive union
bound in our algorithm, the detection accuracy remains
the same, but the running time increases (between 10%
and 30%), see Figure 3.

These experiments illustrate the lack of robustness of

li'UCB to heavy tailed rewards and the effective robust-
ness of median liI'UCB. Since this robustness comes
with a higher number of pulls, median li'UCB should
be preferred to vanilla lil'UCB only if one suspects
non-Gaussian or heavy-tailed rewards.

6 Conclusion and further work

We have proved a nonasymptotic law of iterated loga-
rithm for general M-estimators both in univariate and
in multivariate settings. These results can be seen as
off-the-shelf deviation bounds that are uniform in the
sample size and, therefore, suitable for online learning
problems and problems in which the sample size may
depend on the observations. There are several avenues
for future work. For simplicity, in the multivariate
case, the population risk was assumed to be above an
elliptic paraboloid on the whole space. First in our
agenda is to replace this condition by a local curvature
one. A second interesting line of research is to establish
an any-time deviation bound for sequential estimators
such as the online gradient descent. It would also be of
interest to obtain “in-expectation” bounds of the same
type as those in (Shin et al., 2019).
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SUPPLEMENTARY MATERIAL TO “A NONASYMPTOTIC LAW OF ITERATED LOG-
ARITHM FOR GENERAL M-ESTIMATORS”

7 Proofs

This section contains the proofs of the theorems stated and discussed in the main body of the paper. Some
technical lemmas used in the proofs of this section are postponed to Section 8.

7.1 Notations

We begin by introducing notations we will use throughout the proofs. For any positive real number x, we define
[2] as the smallest integer greater than or equal to x. We denote by S?~! the d-dimensional unit Euclidean
sphere, i.e., ST™! = {v € R?: ||v||o = 1}. The natural logarithm function (i.e., base e logarithm) is denoted by In.
We write vectors and matrices in bold font, we use lower-case symbols for the former and upper-case symbols for
the latter. When we write X; we mean the j-th column of the matrix X. We denote by ||X|r the Frobenius
norm of the matrix X, || X||2 = Tr(XXT). For a vector v, ||v]| stands for max; v;|. For any integer K € N, we
set [K]={1,...,K}.

7.2 Proof of Theorem 1

For any integer n > 12, define the sequence

330
o
Note that it is a non-increasing sequence and converges to 0. Denote by ng the smallest positive integer n > 12

such that t(n) <r. For k > 1 and § = 1.1, let ny = [Bng_1]. To ease notation, we set t; = t(ng). We also define
the integer intervals I, = [ng,ng+1) N N. We wish to upper bound the probability of the event

t(n) \/1.11nlnn—|—ln(15/6) + 2.6.

A= U A,, where A, = {§n—9* >t(n)}.

n=no

For n > 1 and t € (0, 7], define the random variables
Sp(t) =n (cin(e*) - @(9*)) “n (cin(e* ) — DO + t)) .

For any integers k > 0, n € I, the event A, is included in the event B,, = {Sy (tp+1) > (a/2)nit;, ; }. Indeed, the

fact that the sequence (£(n)) is non-increasing, the convexity of the function ®,, (see Figure 4 for an illustration
of the second implication) and Assumption 2.2 yield, for integers k > 0, n € Iy,

O, > 0" +t(n) = 6, > 0" +tpy
= 3,(6") > D, (6" + tisr)
= Su(tks1)/n = (07 + tiy1) — 2(07)

«a
— S,(thy1) > §nkt§.+1.
Combining the previous observation with a union bound yield

()< () Er{y)

n=no nely nely

Furthermore, letting xp = (a/2)nkti+1, we get, for any positive A,

P ( U B‘n) <P (sup Sy(tigr) > xk) <P (sup exp {ASn (trs1)} > e”k) .

nel, nely nely
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Figure 4: Illustration of the shape of the function @n

The stochastic process (Sn(tk+1)),c;, 18 a discrete martingale. Hence, by Jensen’s inequality, for all A > 0,
(exp(ASh (tk+1)))ner, is a discrete submartingale. Therefore, Markov’s inequality followed by Doob’s maximal
inequality implies

P ( U Bn> < e AR {bup exp {ASy (tis1)}| < e M E [exp {ASnyi, (trt1) }] -
nely nely

Since the random variable Sy, ,, (tx41) is the sum of ng1; independent aQt% 41-sub-Gaussian random variables
(Assumption 2.3), we have a simple upper bound on the moment generating function of Sy, ., (tx+1) which yields

P < U Bn> <exp {—Azy + (\20?/2)npi1thi, )
nely
Choosing A = z/(0*ng41t;, ) and recalling that 8 = 1.1 (which ensures Sny/ng41 > /0.88), we obtain

72 « niti 1 0.88a2 nk_,_ltk 1
P B, Sexp{—k}gexp{ +}gexp{ +}.
( U > 202nk+1ti+1 8c2np11 83202

nely

Replacing tx41 by its expression,

P <3.3o>2 1.1InInngyq + In(15/5) + 2.6
k+1 — )

@ Nk4+1

and using the inequality Innyq > In(B*t1ng) > (k + 27)In B we arrive at

2 15
P ( U Bn> < exp {_0.88 x 3.3 X (1.1lnlnnk+1 + In(15/5) + 2.6) }

852
<exp{—(1.1ln(k +27) + 1.1Inln 3 + In(15/5) + 2.6) }
0
15(k +27)11°

nely

< % exp{—1.1ln(k +27)} =

Finally, using the fact that

e o - 2670.1
“lidr = <75
kz_ok+27“_/26x TS =

we get P (Hn > ng, 0, > 0% + t(n)) < 6/2. Similarly, one obtains P (Hn > ng, by, < 0F — t(n)) < 4/2, and
Theorem 1 follows from a union bound combined with the two previous inequalities.

Remark 1. Several high probability uniform bounds on the sum of sub-Gaussian random variables have been
proved (see, e.g., Howard et al. (2018); Jamieson et al. (2014); Maillard (2019)). However, those bound do not
apply in our case since the elements of the sum change with the size of the sum.
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ng B | Coure  Cadd

1.1 3.35 5.4
6 1.05| 3.3 6
1.01 3.3 7.6
1.1 3.3 5.3
12 1.05| 3.1 6
1.01 3.1 7.6
1.1 3.25 5.3
20 1.05| 3.1 6
1.01 3 7.6
1.1 3.2 5.3
50 1.05 | 3.1 6
1.01 2.9 7.6
1.1 3.2 5.3
80 1.05 3 6
1.01 2.9 7.5

n

Table 2: Effect of the choice of ng and 3 on the constants in ¢t = Cmultg\/l'l InInn+1n(1/9)+Caaa

7.3 Proof of Theorem 2

Let 8 = 1.1. Throughout the proof, we consider the sequence of integers {ny : k € N} defined by ng41 = [Bny]
(recall that ng > 6). We also introduce the sequence of integer intervals I = [ng,ni+1) NN and the sequence
(t(n))nen defined by

VInlnn +1In(50/6) + 1
B )
N
To avoid double subscripts, we write ¢t(ng) = ti for any integer k. We wish to upper bound the probability of the
event

t(n) = (39/11)kn, for n > 1.

A1= | J AL, where AL={]6; —8,],>t(n)}.

n=no

Reduction to the case ¢ =2 Since for any real number ¢ > 2 and vector z € R, ||z, < ||z||2, an upper
bound on the probability of A% implies an upper bound on the probability pf A9 for any ¢ > 2. Therefore it is
sufficient to obtain an upper bound for the case ¢ = 2. For simplicity we write A := A2 and A,, == A2 from now
on.

For every w € RP, we define the random variables
Sp(w) =n (c%n(e;;) - @nw;)) —n (&%(9;; —w) — D, (67 — w)) n>1.

The following result is a consequence of the convexity of §>n

Lemma 7.1. Under Assumptions 3.1 to 3.8, for any k € N and n € I, the event A, is included in the event

wEt4 1541

B, = { sup  [Sn(w) — (an/2)ntf 4] > 0} .

Combining Lemma 7.1 with the union bound gives

r<e(U Us)<Xe( U s

k>0nely k>0  Nnely
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Let k be an integer. Since the sequence {ay,}, is non-increasing we have, for any integer n € Iy, a, > ap, ., -
Setting 8 = 1.1 we have ny/ngy1 > 11/13 for n > 6. Thus, for any positive real A,

]P( U Bn) < IP’( sup sup [Sn(w) _ a"nktiﬂ} > 0)
nely nely wety 1521 2
1ap, .,

< P( sup  sup [Sn(w) - %nk+1ti+1:| > 0)

n€l wet, 1521

110¢nkJrl 9
<P( sup sup  expq A | Sy(w) — Tnkﬂtkﬂ >1).

n€ly wety 1541

The stochastic process (Supwetk+lsd—1 exp { A (Sp(w) — 1o, nkt1ti,,/26) }), n € N*| is a submartingale with
respect to its natural filtration. Therefore, Doob’s maximal inequality for submartingales yields,

. 1lay, ,,
p(Us.) <t E[ sup  exp{A (S, () - %+nk+1tz+l)}] . @

nely, wELp 41841
The next lemma uses classic tools from empirical processes theory such as the symmetrization trick and the
contraction principle to bound the expectation from (4).

Lemma 7.2. Under Assumption 3.1, given a positive integer m and three positive real numbers t, a and A,
letting t' = (2ma/L)t, we have,

inf E| sup exp{A(Sm(w)— amt2)}] < ,{IZIEE [ sup exp{A (wTXe —(£)%/2)}

AZ0 | petgd—1 wet'Sd—1

where € is a n-dimensional vector of i.i.d. Rademacher random variables independent of the matriz X € Rx™
whose columns are the observations vectors Xq,..., X,.

Let us introduce the additional notation

11nk+1
Sk+1 = 75 lk+1-
[ETS

Applying Lemma 7.2 with m = ngy1,a = 1oy, , /26 and t = 1,1 gives

(UB)<1nfE

nely

sup  exp {\Mw' Xe —s7,,/2)}

wesk_HSd*l

= inf E [exp {As 41| Xel|o}] e 072 (5)

The last line follows from the simple identity [z = sup)y,=1 y " valid for any vector x € RY. We now state a
lemma to bound the quantity EelX€l2 for deterministic matrix X.

Lemma 7.3. Let X be a d X n deterministic matriz and € be an n-dimenstonal vector with i.i.d. Rademacher
entries. Then the following inequality holds

EelXell2 < 9eGIXIe+IXI2)/2,

Combining Lemma 7.3 and (5), we get

; A(||Xellz—s71,/2)
IF’( U Bn> gigfoIE {e k+1 } <2Eexp{

0
nely

gf [(Aska1)?IXNE = (Aspr1) (5511 — 3||X||F)]} (6)

l\')\)—\

1
= 2F exp {2 r; IN(IX1E = Asks1 — 3[1X[|r)] } .
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Choosing A\* = (sk+1 — 3||X||¢)+/(2]|X||2) and upper bounding the infimum over all positive A’s by the value at
A*, we arrive at the inequality

1/ sk 2 1 Sk+1 2
P ) =2en {5 o)) =20 SRS )

nely

In the last step above we have used the inequality || X||r < ,/nrp+1B. Replacing si41 and tg1 by their expressions,
we get

}( Sk+1 _3)2:1( 1ng1tesr _3>2

8\ B,/nr1 +  8\13Bhn,,, /t1

_ 1(11\/7T+1tk+1 _3)2
8\ 13Bky,,, +

= (9/8)(Inlnngy1 +1n(50/4)).
Using the inequality Inngy 1 > In(81ng) > (k4 19)In 8 we arrive at

0.216

P ( U Bn> < exp {—(9/8)(In(k + 19) +InIn 8 +In(50/0)) } < Tt 19)75°

nely

Using the fact that

oo 1 o0
d g/ 298 dz = 8 x 1871/8 < 5.58,
/=

2 (k+19) .

we get P (Hn > no, |6, — 072 > t(n)) < 4. To conclude, it suffices to note that t%}/LIL > t(n) for every n € N*.

7.3.1 Extension to sub-Gaussian norm
The boundedness of the features (Assumption 3.4) can be relaxed to a sub-Gaussian assumption® on the norm of
the features, stated as follows :

Assumption 7.1. || X1||2 is o-sub-Gaussian for some o >0 : EelX1ll3/o* < 2,

We now restate Theorem 2 with this new assumption.

Theorem 5. Let Assumptions 3.1 to 3.3 and 7.1 be satisfied for every integer n € N*. Assume, in addition, that
starting from some integer ng > 1, the sequence . mnn/y is decreasing. Then, for any ¢ > 2 and 6 € (0,1), there
exist positive absolute constants c,c’,c”, such that

/ /!
Inlnn +In(c/d) + ¢ > S 1-4

P (Vn >ng, ||0n — 0, < ckno N

Proof. In the proof we denote by ¢, c’,c”... positive absolute constants, their values may change from one line
to another. We use the symbol < to mean ”less than or equal to, up to an absolute constant”. Under this
new assumption, the proof is exactly the same as for Theorem 2 up to (6). Let k be an integer. Applying
Cauchy-Schwarz inequality at this point yields

1/2 1/2
E | inf e”z'x'%‘“s"“_glxlp)] < inf e e [Ee‘“z”x”ﬂ / [Eeﬁ”'X”F} /

A>0 >0

For i = 1,...,n%41, let z; == || Xj||2 and define the random vector z = (21,...,%y,,,). Note that we have
IX||F = ||z||2 and that the coordinates of the random vector z are independent o-sub-Gaussian random variables.

"We refer the reader to Vershynin (2018, Section 2.5) for equivalent definitions and details on sub-Gaussian random
variables.
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In particular it implies that ||z||2 is a \/ng+10-sub-Gaussian random variable. Indeed, Jensen’s inequality applied
to the concave map (x +— x'/™+1) gives

Nk41 1/”k'+l
Ee|\z\|§/(\/nk+10)2 < <E H 621'2/02> ’
i=1
then the independence of the coordinates assumption allows us to switch the product and the expectation and

the resulting quantity is upper bounded by 2 thanks to the sub-Gaussian assumption on the coordinates.

Bounding the first expectation Vershynin (2018, Proposition 2.5.2 (iii)) gives a bound on the moment-
generating function of a squared sub-Gaussian random variable. Using the independence assumption to switch
the product and the expectatione before applying this proposition to each squared coordinate 27 independently,
we get, for any [A\| < oL,

Tktl MNEk41
Fe2l2I13 — H (Eeu?zf) + < Okt
=1

where c is an absolute constant.

Bounding the second expectation The centering lemma (Vershynin, 2018, Lemma 2.6.8) states that if a
random variable is sub-Gaussian, then its centered version is sub-Gaussian with same sub-Gaussian variance proxy,
up to an absolute constant. Therefore the centered random variable [|z[|2 — E||2||2 is a ¢,/ng; 10-sub-Gaussian
random variable with ¢ an absolute constant. Applying Vershynin (2018, Proposition 2.5.2 (v)) to control the
moment-generating function of a centered sub-Gaussian random variable, we get

EebAIzl2—Ell=]2) < ecA nkt10” (7)

Finally, Jensen’s inequality followed by a control on the Ly norm of a sub-Gaussian random variable (Vershynin,
2018, Proposition 2.5.2 (ii)) yield

Ellzlls < yirrny/E? £ vinrio: ®)
Combining (7) and (8), we get

EebMzllz < (OBl 67 (I2ll2—Ellzll2) < peX*nii10®+e AymrTio.

Combining the bounds on expectations

. 2 2_ — .
E | inf 2 IX1E A 3|xp)} © b explenino® N 4 AV — Asiar).
>0 0<ASo 1

The non-negative minimizer of the polynomial inside the exponential is given by A* = % VGTQLHIU)* It

satisfies the upper bound constraint (up to taking bigger constants) : since sx1 is of order \/nipr10, A* is of
order (,/Mrr10)~t. This yields the following upper bound, valid for any integer k,

2
Sk+1 /
P U Bn> <Zexp{— (—c) }
<n€1k Cy 410 +
Note that, replacing ¢ by B, it is the same upper bound we get in the bounded case, up to absolute constants.
Recalling that sj 1 = c—2*-#;. 1, we have
+1

Ky
" 2
P U B, | <2exp <CMC'> )
Ohngis N

nely
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Letting

VInl In(c¢'/é 4
Hn) = crno nlnn+In(c/d) + ¢ 7
n

for some suitable absolute positive constants ¢, ¢’ and ¢”, we get
)
P B < —
(U ) MCEIR
nely

with v > 1 an absolute constant. If the absolute constants are set suitably we finally obtain

P (3n > no, 10, — 0312 > t(n)) < 4.

7.4 Proof of Theorem 3

In this section, we provide the proof of the upper bound established for the proposed algorithm in the problem of
best arm identification for multi-armed bandit. We start with two technical lemmas, then we provide two other
lemmas that constitute the core technical part of the proof of Theorem 3. Finally, in Section 7.4.3, we put all the
pieces together and present the proof of the theorem.

7.4.1 Preliminary lemmas

We state and prove two elementary lemmas which we will need for the proof of Theorem 3.

Lemma 7.4. Fort>2,¢>0 and 0 < w < 0.15, we have

() 5o g Ly (20020 ),

t c w

Proof. Let f(t) = 11n (1“7'5), defined for any t > 2 and ¢, = = In (w) It suffices to show that f(t.) < c.

1

C
Indeed, since the function f is decreasing, it implies that f(¢) < ¢ for any ¢ > ¢, which is the contrapositive of
the claimed implication. Using the definition of f and ¢, we have,

fti) <c <= In <ln(t*)> < tic

w

< t, < ——=
~ (2cw)?

— <2ln(1i(2cw))) o1

= dew?’
The last inequality is clearly true since In(z) < § on (0, 00) and this proves our claim. O

Lemma 7.5. Fort>2,s>e,c€ (0,1, 0<w <d <e ¢/2, we have,

2 w 1 cw
lln Int > Ins :>t§§1n(/)+lnln(/2 )
t w s 0 c In(1/s)

Proof. Lemma 7.4 immediately implies that

ct < In(2/w) + In[ln s + In(/2cw) — Inln(lns/s)]
s = In(1/s) + InIn(s) '
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Using the fact that Inln(Ins/s) > 1 and the following fact

s>e — Ins—12>0
= Ins—1<e(lns—1)
= Ins—1< (Ins—1)In(Y/2cw)
= Ins+ In(Y/2ew) — 1 < Insln(l/ew)
= Ins+ In(Y/2cw) — Inln(lns/s) < Insln(l/2cw),

we have

ct < In(2/w) + Inln(1/2cw) + Inln s

s = In(t/s) + Inln s

We conclude by applying the inequality a > b,z > 0 = ¢ < a/y with @ = In(2/w) + InIn(Y/2cw), b = In(1/s)

and x = Inlns. O

7.4.2 Main lemmas

Without loss of generality, we assume hereafter that the arms’ parameters are ranked in decreasing order:
01 > 05 > ... > 0. We define the function

4.4 1 1
U(n,w) = e el Y (1\/nn>, ne N we(0,1),

a \In w
and the events
Er(w) = {¥n > ng(w) it holds that |§kn — bl <U(n,w)},

where ng(w) is the smallest integer n > 15 for which U(n,w) < r. According to Theorem 1, we have P(&j, (w)c) <
15w for every k € [K], w € (0,0.001). The proof of Theorem 3 is essentially the combination of two lemmas.
The first lemma states that with high probability the number of times each sub-optimal arm is pulled is not too
large. The second lemma shows that the algorithm indeed stops at some time and returns the best arm with high
probability.

Lemma 7.6. Let 3 € (0,4.8), § € (0,0.001) and s = (2 + 8)?(449/a)?. For every n > 1, with probability at least
1— 166,

K %ln(2 max{1,In(s/(2A%26))})
AR

K
> " Ti(n) < no(8)(K — 1) + 1505H; In(Y/s) +
k=2 k=2

Proof. The proof is carried out in two steps. In the first step, we upper bound the number of pulls on events for
which the rewards are well behaved. In the second step we resort to standard concentration arguments to show
that the events considered in the first step happen with high probability.

Step 1. Let k > 1, w € (0,1) and E(n, k, 0, w) = E1(5) N Ex(w) N {1, = k}. Throughout this step, we assume that
E(n, k,d,w) holds true and that n > Kng(d) (i.e., the warm-up stage is over). This yields

0p + U(Tk(n),w) + (1 + B)U(Tk(n),d) > é\k,Tk(n) + 1+ B8)U(Tk(n),9d) (Ek(w) holds)
> 011, () + (1+ B)U(Ti(n), 6) (In = k)
> 6. (&€1(9) holds)

Since the function U is decreasing in its second argument, we deduce from the last inequality that

Ay =01 — 0, < (2+ B) max {U(Tk(n),w),U(Tk(n),8)}
< (24 B)U(Tk(n), min(w, d)).
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For » = (2 4+ 8)%(449/a)? and ¢ = A% /5, Lemma 7.4 implies that

) < —m (2ln C/( mi min(w, 6>))>
min(w, 0)
) s () s ()
Gl (] g (o)

IN

1+ In(l/w)
Tk—‘rAQI (w )

22
<71+ A—%ln(l/w).

with 7, = 25 In ((2/0) max{1,1n(>/2436)}). Since T} (n) increases only when k is pulled, the above argument
k
shows that the following inequality is true for any time n > 1 :

T (n)1{&1(0) N Ek(w)} < ng(d) + 71 + A2 In(1/w). 9)

Indeed, let m,, = max{m < n : I,, = k} be the last time the arm k is pulled among first n rounds. If m,, > Kng(J)
then

Te(n)1{&E1(0) N Ek(w)} = Ti(mp)1{E(Mmp, k, 0,w)} < 7 + P ln(l/w).

Otherwise, m,, < Kng(d), which means that the arm & has not been pulled after the warm-up stage. Therefore,

T (n)1{E1(8) N En(w)} = T (Kno)L{EL(8) N Ex(w)} < 10(8) < no(8) + 4 + % In (1/w).
k

Step 2. We define the random variable j, := max{w € [0,0.001] : £ (w) holds true}. Theorem 1 guarantees
that it is well defined and that P(; < w) = P(E(w) is wrong) < cw with ¢ = 15. Furthermore, one can rewrite

eq. (9) as
Ti(n)1{&E1(0)} < ng(d) + 7 + % In(1/9%).
k

Therefore, for any z > 0,

K K K K
P(ZTk(n)>x+Z(Tk+no(6))> <P(51(5)E>+P<{ZT]€( )>x+z Tk+no ))}mgl(5)>
k=2 k=2 k=2 k=2
<co+P (Z 2 (1) > x)
k=2 Kk

Define the random variables Z, = 3% In (1/€2), for k € [K]\{1}. Observe that these are independent non-negative
k
random variables and since P(Q < w) < aw, it holds that

P(Z) > x) = P(Qx < exp{—zAF/(250)}) < cexp(—z/ay),

with aj, = 25¢/A} for every x > 3ay In10. Observing that

+oo +oo
EZ, = / P (Zy > x)dx < 3a;In 10 + c/ e~/ % dx < 0.5¢cay
0 3ar In10
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and applying a basic concentration inequality for the sum of sub-exponential random variables (see Lemma 8.1),
we have,

K K
P <Z(Zk — 0.5cay,) > z) <P <Z(Zk —EZ) > z>

k=2 k=2

<o (-min { o o))
X

8cllal2’ 1lall
e )

X )

P 8cllal?’ 4]l

Putting everything together with z = 4c||al|; In(1/6), = z 4 0.5¢||a||; one obtains, for n > 1

K K
P(ZTk >Z (10%6111 1/5) +Tk+n0(5))> S 165
k=2

k=2

and the claim of the lemma follows. O
Lemma 7.7. Let f§ € (0,4.8),8 € (0,0.001) and c5 = (252)*. If

Y

S In (21n(cs/25)/0)
T 1-150 — \/6/+1In(1/5)’

In(t/s) 7

then, for allk =2,..., K andn =1,2,... we have Ti(n) < no(8) +A>_,;, Te(n) with probability at least 1 —6/0.

with o =cp

Proof. Let k > . Assuming that & (w) and £(d) hold true and that I,, = k, one has, for n > Kng(d),

Ok + U(Tk(n),w) + (1 + B)U(Tk(n),d) > é\k,Tk(n) + (1 + B8)U(Tk(n),6)
> Op.1,(my + (14 BYU(Tu(n), 6)
> 0¢ + BU(Ty(n),9).

This implies (2 + 8)U(Tk(n), min(w,8)) > BU(Ty(n), ). Applying Lemma 7.5 with ¢ = ¢ one obtains that if
Er(w) and &;(0) hold true and I,, = k then

In (21n(¢s/2min(w,s))/ min(w, 6))
In(1/5)

Since Ty (n) only increases when k is played, then, for all n > 1,

Ti(n) < cp

Ty(n). (10)

In (21n(¢s/2 min(w,s))/ min(w, 9))

(Ti(n) —no(0))1 (Ek(w) NE(I)) < g In(1/s)

Tg(n)

Using (10) with w = §*~1 we see that

1{E(6F1) Zn{& }>1-a = (1-a)(Tk(n) —no(6)) < 0 _ Ti(n)
{#k

The above implication leads to the following inequalities
P(H(k,n)E{Q,...,K}XN*:(l—a)(Tk( —no(d >QZT[ )
t#k
h=1y
_]P<Elke{2, KGO Zn{& }<1—a>

K -1

SZ ( (551 >+ip<k : 11(55(5))§lc5(0405)>.

k=2 =2 1

N

o~
Il
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Since E1 (&,(0)) > 1 — ¢6 with ¢ = 15, using separately a union bound and Hoeffding’s inequality, we get
| kel
IE”( Z 1(&(0) <1—¢cd—(a— 05)) < min (c(k — 1)8, exp(—2(k — 1)(a — ¢6)?).

k-1
=1

Define R = ¢=20"/"18(1/8) and j = [In{26%/4(1 — R)}/In R]. One can check that
1-R=1-¢2""13 > 0645"*1n(1/5),
which leads to

In{20%/4(1 — R)} ~ _In{1.284In(1/4)}
= 26Y/4In(1/86) —  26Y/%In(1/6)

Setting a = ¢ + 1/3"/4In(1/6), we have
IP’<EI(k,n) €{2,...,K} xN": (1 —cd —/64In(1/6)) (Tk(n) — no(d)) > QZT@(H))

o

< (1/2)6 V4.

K
< Z {cék—l 1 min (c(k —1)s, o= 2(k—1)81/ 1n(1/5))}

b
||
N

y)
]E 7 <15.26+ 7.585% 4+ 26%/* < 6V/3.

This completes the proof of the lemma. O

7.4.3 Putting all lemmas together

Let v be the confidence level from Theorem 3 and let § satisfy the relation v = 166 + 61/. Note that this implies
V6 = (/16 + 9 — 3)/16, which is the value of § given in Algorithm 1. On the one hand, Lemma 7.6 states that,
with probability at least 1 — 164, the total number of times the suboptimal arms are sampled does not exceed
(K — 1)no(d) + s (150H; In(1/s) + Ha) where » = ((2 + 8)4.40/a)?. On the other hand, Lemma 7.7 states that
with probability at least 1 — 6+/9, if the parameter \ is large enough, only the optimal arm will meet the stopping
criterion and therefore, the number of pulls from the optimal arm is equal to n(0) + A>_,+ Tx(n). Combining

those two lemmas, we have that with probability at least 1 — 166 — 61/8, the optimal arm meets the stopping
criterion and the total number of pulls does not exceed (1 + X)Kng(d) + (1 + A)s¢ (150H; In(Y/s) + Hy).

7.5 Proof of Theorem 4

Since ¢g is symmetric, the means of the two arms 6; and 6, coincide with the parameters of interest and so, the
gap A coincides with the difference in means, i.e., A = |#; — 6|. Therefore, finding the best arm amounts to
finding the arm with the best mean and the result is equivalent to (Jamieson et al., 2014, Corollary 1), which in
turn is a consequence of the following result by Farrell (1964).

Theorem 6. (Farrell, 1964, Theorem 1) Let Xy, Xo, ... be i.i.d. Gaussian random variables with unknown mean
A # 0 and variance 1. Consider testing whether A >0 or A < 0. Let Y € {—1,1} be the decision of any such
test based on T' samples (possibly a random number) and let § € (0,1/2). If supp_o P (Y # sign(A)) < 4, then

. Es[T]
1 ———— > 2 — 4.
lﬁli%p 6 2lnlnA—2 —

8 Proofs of postponed lemmas

Proof of Lemma 7.1 Let k > 1,n € I, and define

0 —86 - t
vii= e sl g =0 — v and  p, = —— L
107, — 02 16;, — 05l
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Simple algebra yields
0, = o + (1— 1,0}
Furthermore, since the sequence (t(n)) is non-increasing on each interval Ty,
165, = B,ll2 > t(n) = pn € (0,1).

Therefore, on the event A,,, by convexity of @n,

inf  ,(05 —w) < ,(0,) < (1= pp)@n(67) + pn®n(0,) < B, (05).

wetk_HSd*l "
Finally, after a centering step, the curvature of the population risk yields the stated result. O

Proof of Lemma 7.2 A modified version® of the symmetrization inequality yields

E| sup exp{X(Sm(w)- ath)}] <E [ sup exp {2A(S),(w) — amt®)} |,

wetSd—1 wetSd—1

where 5], (w) is the symmetrized version of S, (w), defined by
m
Siu(w) = > e {8V, X[[07) = 6(¥i, X,/ (6" —w))} .
i=1

We define the set R = {tXTv T € Sd_l} C R™ and the functions ¢; : R — R by
gt [0(Y;, X, 0%) — oY, X' 0" —1)] /L, i=1,...,m.

These functions ¢; are contractions (Assumption 3.1) such that ¢;(0) = 0. The contraction principle (Koltchinskii,
2011, Theorem 2.2) gives

E[ sup exp {2A(S), (w) —amtz)}} <E [ sup exp {2\ (Lw ' Xe — amt2)}] .

wetSd—1 wetSd—1

Setting t/ = (2ma/L)t and N = (L?/ma)\, we arrive at
g

]E{ sup exp{m(s;n(w—amt?)}] gE[ sup exp{/\’(wTXE—(t’)Q/Q)}]

wetSd—1 wet/Sd—1

Finally, since the positive real numbers A and )\ are positively proportional, taking the infimum over all positive
A is exactly the same as taking the infimum over all positive \'. O

Proof of Lemma 7.3 The following inequality is always true, EelX¢l2 < elIXllrg [e(“X":”?*”X“F)*] Using the

fact that for a non-negative random variable n, En = f0+°° P(n > t)dt, we have

+
E [eUIXella=I1Xl2)+ _ 1} — / “p (e<nx€uz—||qu>+ St 1) dt
0

“+o0

- / P (| Xells > 1[5 + In(t + 1)) dt
0
oo (In(t +1))°

< exp | ——<=5— | dt.

/o ( 2IXT%

5The version we use here can be found, for instance, in (Lecué and Rigollet, 2014, Eq. (2.3)).
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The last inequality follows from an application of the bounded difference inequality, see (Boucheron et al., 2013,
Theorem 6.2, Example 6.3) for more details. Using the change of variable u = In(t + 1) <= t =e" — 1, we get

o0 (ln(t—|— 1))2) +o00 u?
exp | ———5"— dt:/ exp <u—) du
/0 ( 2)1X[% 0 2X|1%
+00 2
1 Xl
= I —IX 232 Lkt 1P 24 d
< Vx| X[ exp (1X[17/2) Fxon (1X]r),
where Fyr(g,1) is the cdf of the standard normal distribution. Therefore,
BelXell2 < elXI= (11 v2r|X | p exp (IX]3/2) Favon (1X]1r))
— 2 —
< exp { (X7 +3I1Xr)/2} sup (e W2 4 Vamye 2 Fy0.1)(y))
y>
< 186 exp {(| X% + 3IIX]| ) /2} -

This completes the proof of the lemma. O

Bounding the sum of random variables with sub-exponential right tails

Lemma 8.1. Let Xi,...,X, be independent, non-negative, random variables such that there exist positive
constants ¢ and aq, ..., a, satisfying
P(Xi>m)§ce_m/‘”, Vx>0, i=1,...,n.

Then, for any real positive t,

- 2 ¢
P (X; —EX;) >t | <exp (—min( , )) .
(Z ) 8llall3” 4llalls

1=1

Proof Defining ¢;()\) := log Ee?Xi=EXe) j — 1, n, Markov inequality and the independence hypothesis give

L . < i —At Yi(N)

P (;(XZ EX;) > t> <infe 1:[1 e (11)
Using the inequality Inu < uw — 1 valid for any positive real u, we have
Pi(A) = mEe* — AEX; <E [ — X, —1].
Let ¢(u) = e* —u — 1. The monotone convergence theorem guarantees that for any A > 0,
AP
Ep(A\X;) =) HEXf’.
p=>2

Since the X;’s are non-negative, we have, for any integer p > 2 and for any index ¢ = 1,...,n,

+oo

+oo
EXf:/ P(Xi >t1/p) dtgcp/ tpfleft/“'idt:cafp!.
0 0
Therefore, for any A € (0, 1/2a,)
Pi(A) <ES(AX;) < 2¢(Aa;)?. (12)
Plugging (12) into (11) yields

P X;,—EX,)>t| < inf 2 ESCR AN
<Z( ) ) < Ae(éﬂ/%)“p( cllall3 )
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The minimum above is attained in

\* i ( t 1 )
=min|{ ———5,—— | .
dcllall3” 2llallo

This yields the stated upper bound

- 12 t
P X, —EX;)>t] <exp <—min< , ))
(Z( ’ ) S[al}’ 1all<

i=1

and the claim of the lemma follows.
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